The current study evaluates quantitatively the impact that intermittent aortic valve (AV) opening has on the thrombogenicity in the aortic arch region for patients under left ventricular assist device (LVAD) therapy. The influence of flow through the AV, opening once every five cardiac cycles, on the flow patterns in the ascending aortic is measured in a patientderived computed tomography image-based model, after LVAD implantation. The mechanical environment of flowing platelets is investigated, by statistical treatment of outliers in Lagrangian particle tracking, and thrombogenesis metrics (platelet residence times and activation state characterized by shear stress accumulation) are compared for the cases of closed AV versus intermittent AV opening. All hemodynamics metrics are improved by AV opening, even at a reduced frequency and flow rate. Residence times of platelets or microthrombi are reduced significantly by transvalvular flow, as are the shear stress history experienced and the shear stress magnitude and gradients on the aortic root endothelium. The findings of this device-neutral study support the multiple advantages of management that enables AV opening, providing a rationale for establishing this as a standard in longterm treatment and care for advanced heart failure patients.
Heart failure (HF) continues to increase in prevalence and is a major global contributor to morbidity, mortality, and health care expense burden. 1, 2 An inadequate supply of suitable donor hearts has necessitated increased use of ventricular assist device (VAD) therapy and prolonged durations of mechanical support in end-stage HF. 3, 4 Although device technology has improved, thrombosis and neurologic events remain among the most devastating complications of long-term therapy. Consequently, it is imperative to actively pursue device implantation and management strategies that improve biocompatibility and reduce potentially preventable complications. One such opportunity exists in VAD speed optimization as it pertains to intermittent aortic valve (AV) opening. [3] [4] [5] [6] The clinical benefits of VAD therapy include left ventricular (LV) unloading and increased systemic perfusion; however, contemporary VADs pump blood continuously, thereby disrupting physiologic pulsatile blood flow, especially in the aorta and great vessels. Along the continuum of potential VAD speeds, depending on residual native contractility, the device can function in parallel with the native heart (AV opening with each cardiac cycle), entirely in series (AV permanently closed, all blood flows through the VAD) or a combination (intermittent AV opening). With a closed AV, all blood entering the LV transits the VAD, and the outflow graft pressure is the sum of the contributions from residual native LV contractility and continuous VAD pressure (operation in series). With intermittent AV opening, the majority of blood in the LV still exits as continuous flow through the left ventricular assist device (LVAD), and the resulting aortic root pressure must be matched for both pumps: left ventricle and LVAD. The total systemic perfusion is the sum of flow rates through each of the pathways (intermittent parallel operation). In either case, the AV experiences a markedly altered transvalvular pressure gradient (pressure differential between the LV and aortic root) that determines the frequency of AV opening, the amount of native AV blood flow, and the duration of blood flow during systole.
Computational fluid dynamics (CFD) is a powerful tool to investigate LVAD hemodynamics. First efforts to characterize VAD flow focused on hemodynamic parameters (e.g. wall shear stress), following the atherosclerosis mechanotransduction pathway, and were limited to steady flow models. [7] [8] [9] [10] [11] In reality, platelet activation and aggregation, essential to understanding thrombus initiation and propagation, 12, 13 are associated with shear stress and residence time (RT) of flowing platelets and require modeling and computation via a different methodology (Lagrangian 14 ) . This holistic approach makes it feasible to quantify the mechanical stimuli experienced by platelets as well as the endothelium, providing more complete metrics for evaluating thrombogenicity. Using a novel combination of Lagrangian (platelet level) and Eulerian (endothelium level) fluid variables, the impact of native transaortic valve flow on thrombotic risk during VAD support is quantified. We hypothesize that intermittent AV opening is beneficial in reducing cumulative thrombogenicity in the Model development, including platelet dynamics, is described in the Materials and Methods section, and the influence of AV opening on hemodynamics and thrombogenicity is presented in the Results section. Discussion of the clinical implications from this device-neutral computational modeling approach and the goal of setting efficient LVAD management strategies for long-term LVAD therapy, followed by brief conclusions, conclude the paper.
Materials and Methods
The methodology developed to investigate the impact of intermittent AV opening on thrombogenicity is based on a three dimensional (3D) patient-specific model where the LVAD outflow graft has been virtually implanted. Computational fluid dynamics simulations of blood flow, including platelet-surrogate dynamics, are performed under different conditions.
14 Image segmentation was performed on gadolinium-enhanced magnetic resonance angiography images of patient vasculature of the ascending aorta and great vessels. A 3D surface was reconstructed using the segmented vessel outlines of the aorta and great vessels, and a 10 mm diameter LVAD outflow graft was "virtually anastomosed" 25 mm distal to the AV plane and at a 60° anterior-posterior angle from the aortic arch plane, in standard surgical fashion. A tetrahedral mesh of ≈5 million cells (typical mesh spacing ≈100 μm) is applied with high temporal resolution (Δt = 10 −4 s) to accurately capture realistic chaotic flow without resorting to turbulence models that focus on average, not instantaneous or small scale, flow properties. A baseline physiologic flow of 5 L/min through the outflow graft, and a partial, intermittent (every fifth cardiac cycle) flow of 0.5 L/min through the AV, typical of LVAD-supported patients 15 are used as inlet boundary conditions. Two-element vascular resistance-capacitance elements, with physiologically realistic values of peak systolic and mean flow splits are used at each of the four outlets (i.e., brachiocephalic, carotid, subclavian, and descending aorta). Arterial walls are considered rigid, and the simulations is initialized for 3 cardiac cycles before particle injection for 10 cardiac cycles (Figures 1-3) .
A continuous phase models blood as a homogeneous newtonian fluid, and platelets are modeled as suspended, neutrally buoyant particles transported by the continuous phase. 3-μm platelets are injected every 0.1 s and individually tracked for the duration of the simulation. The particle RT was calculated by tracking the time each particle remained in the vascular domain:
, where i is an index for each particle, T i entrance represents the time the particle is injected into the domain, and T i exit represents the time the particle trajectory ends as a particle exits the domain or the simulation is terminated. Although many factors influence platelet activation, one of the most widely accepted theories is shear-induced platelet activation (SIPA). Lagrangian tracking allows for determination of accumulated shear stress on each platelet, as a function of time in the flow, to evaluate the level of SIPA associated with each LVAD outflow graft angle studied:
where τ is the instantaneous shear stress magnitude at time ′ t and X t′ ( ) is the platelet's location at that time.
Thrombogenic potential (TP) is intended to rank-order the relative thrombogenic potential of the different cases investigated 14 (on a normalized scale from 0 to 1), but not to evaluate an absolute risk of thrombosis (i.e., a value of 1 represents a higher risk than 0.5, but does not indicate that the probability of thrombosis is twice as high). Thrombogenic potential incorporates statistical parameters such as median, maximum, and outliers of both particle RT and shear stress history (SH). Specific weights used to compute TP from the particle-based RT and SH values are given in the Supplementary Materials (see Supplemental Digital Content, http://links.lww.com/ASAIO/A133).
Results
Wall shear stress and particle trajectory RT and SH are computed for more than 10 cardiac cycles. Thrombogenic potential in the ascending aorta post-LVAD is calculated based on those hemodynamic metrics, and the effect of intermittent AV opening ranked based on this analysis.
Blood Flow Patterns
Closed aortic valve. The high-velocity jet from the outflow graft impinges on the contralateral aortic wall forming a stagnation region, with high pressure and low shear stress at the stagnation point, surrounded by concentric rings of decreasing pressure and extremely high shear stress. There is a strong flow redirection and multiple pathlines spiral out from the central stagnation point, traversing the ascending aorta and aortic arch. A significant recirculating region appears in the aortic root, just distal to the AV, with associated low shear and prolonged cell RTs adjacent to the area of high shear associated with the jet and wall impingement.
Intermittent aortic valve opening. Aortic valve opening significantly impacts aortic root hemodynamics. The high-velocity jet from the outflow graft is redirected distally, even by diminished native AV flow contribution typical of partial valve opening. This washes out stagnant blood from the aortic root, preventing prolonged periods of recirculation and platelet aggregation. Mixing of blood streams from the outflow graft and AV results in less spiraling hemodynamics in the aortic arch. The recirculation region in the aortic root vanishes with AV opening, but immediately recurs with closure and persists until the next valve opening.
Platelet-Level Metrics
About 100,000 particles are analyzed, for each physiologic state. Platelets traveling toward the brain (i.e., exiting through the brachiocephalic, carotid, and subclavian branches) are emphasized in this section, in an effort to further elucidate clinical stroke risk.
The benefits of intermittent AV opening are supported by the outlier analysis in both platelet RT and SH: the cumulative probability that particles linger for a duration of more than 5 s is reduced by up to 250% with intermittent AV opening, compared with a closed valve, and the cumulative probability that a particle accumulates a SH higher than 2 Pa s is reduced by up to 90%. These results are shown in the inset of Figures 4 and 5. Although the median RT actually increased by ≈4% for the AV opening case, and the median SH decreased by 7%, these values are low and well within the established normal physiological range. It is the pathological outliers that disrupt homeostatic thrombotic-thrombolytic equilibrium. Table 1 shows detailed RT and SH statistics for particles in all configurations traveling toward the cerebral circulation. Although the results highlighted here are for the subset of particles traveling toward the cerebral circulation, the trends are fully consistent with statistics for all platelets, and irrespective of outflow graft angle 14 : intermittent AV opening has a globally beneficial effect on both RT and SH for all injected particles.
Eulerian Hemodynamic Parameters
With a closed AV, wall shear stresss (WSS) distributions on the ascending aorta, aortic arch, ostia of the great vessels and descending aorta indicate a concentration of high WSS at the posterior aortic arch, proximal to the brachiocephalic area. This high WSS zone correlates to the high-velocity impingement jet from the outflow graft. With any intermittent AV opening, the maximum instantaneous shear stress resulting from the impingement of the high-velocity jet from the outflow graft is markedly reduced. Flow through the AV redirects the highvelocity jet away from the contralateral aortic wall whereas the AV remains open. Upon AV closure, this WSS zone reappears. Although WSS on the aortic arch endothelium decreases as the angle of the outflow graft becomes more shallow (WSS 45 < WSS 60 < WSS 90 ), overall no configuration globally minimized WSS (Figure 6 ).
Evaluation of Thrombogenic Potential
A weighted average of platelet RT and SH median and outlier percentages has been developed and used to produce a relative risk assessment of TP (lower TP scores indicate lower thrombogenicity and hence reduced risk of thrombosis and embolization). Overall, intermittent AV opening reduced thrombogenicity for all surgical LVAD outflow graft angles: 70% at 90° outflow graft angle, 26% at 60° angle, and 14% at 45° angle. This result also confirms the findings of a previous study; more acute outflow graft angles are beneficial in reducing thrombogenicity, with the clinically realistic management strategy of aiming to adjust VAD speed to allow for intermittent AV opening. The TP scores are detailed in Table 1 .
Discussion
A VAD support strategy that compares a permanently closed AV to an intermittently opening AV has been evaluated utilizing Lagrangian metrics for platelet surrogates traversing the aortic arch. Hundreds of thousands of platelet trajectories are analyzed to provide statistically meaningful information about the thrombogenicity and hemodynamic environment in the aortic root, arch, and major vessels to the brain. When the AV does not open, platelets are up to 250% more likely to take 5 s or longer to transit the ascending aorta and aortic arch, caused by encountering recirculation regions, and being trapped in stagnation zones. Particles entrapped in these regions find it increasingly difficult to travel downstream, and could thus be circulating in this stagnation zone for extended periods of time, sufficient to initiate platelet aggregation and form the nidus of an organized thrombus or de novo microthrombi. Prolonged RTs are a necessary step toward aggregation after flow-induced platelet activation. [16] [17] [18] Intermittent AV opening had a strong beneficial effect by reducing the risk of platelet stasis and aggregation. Intermittent AV opening is holistically beneficial, irrespective of outflow graft angle.
Hemodynamic shear stress exacerbates thrombogenicity via SIPA and platelet microparticle formation. 16, [18] [19] [20] Intermittent AV opening has a profound effect on platelet SH: levels of shear stress history, quantified by tracking individual platelets, are markedly higher with a closed AV and, more importantly, the probability of platelet exposure to outlier levels of elevated SH are reduced by up to 90% with intermittent AV opening. Among the sequelae of chronic supraphysiologic VAD support observed clinically are neurologic events, the occurrence of AV cusp fusion, aortic stenosis (AS), and aortic regurgitation (AR). 15, 21 The detrimental effects of AV pathology in VAD support, well described in several case series, are observed in 25-50% of patients. [21] [22] [23] [24] A recent study demonstrated that AR was prevalent in nearly 83% of LVAD patients with closed AV during VAD support, whereas in patients with intermittent AV opening, only 3% of patients developed AR. 22 Several investigators have proposed adapting VAD speed to reduce risk of AV pathology and promote washout of the aortic root. [25] [26] [27] In this study, intermittent AV opening reduced the compounded thrombogenicity of platelets traveling toward the cerebral circulation for all outflow graft angles. The advantages of a support strategy targeted to permit intermittent AV opening are amplified further when integrated holistically: 1) it promotes physiologic mixing of blood from the LV and aortic root, thus enabling washout of platelets otherwise trapped for extended periods of time, both proximal and distal to the AV, 2) it promotes AV integrity by preserving physiologic AV function, reducing the risk of developing de novo AV pathology more than prolonged durations of support, 26 ,28 and 3) reducing the need for AV interventions and their associated morbidity and mortality over time 25, 29 ). Ventricular assist device thrombosis is a multi-faceted, biologically complex phenomenon and as such, requires a sophisticated and nuanced approach to investigate. Although prior attempts have been made to characterize thrombosis using simpler parameters [7] [8] [9] [10] [11] and diffusive stagnation approaches, 30 the Lagrangian particle tracking approach tracks more than 100,000 individual platelets to provide a uniquely nuanced and physiologically realistic description of the platelet mechanical environment and behavior: RTs and shear stress accumulation critical to understanding the pathogenesis of thrombus initiation. 12, 13 We present a pioneering approach to quantify the impact of technical and surgical factors affecting overall thrombogenicity of VAD therapy. This previously validated methodology not only allows for the translational ability to improve outcomes with existing device platforms, but also to apply these findings to future technological advances. The use of personalized computational analysis to surgical planning has the potential to improve biocompatibility beyond what device optimization has, and to reduce the incidence of the most devastating complications of VAD support.
Limitations
Rigid walls were assumed for all vascular and graft boundaries. Although this is a restrictive assumption, in LVAD-supported patients, the LV is unloaded and the native systolic contribution to the ΔP when the AV is open is dramatically reduced, compared with the healthy physiology. The systolic to diastolic pressure ratio is close to one, and as a result the aortic compliance does not play the dominant role in keeping forward flow during diastole (<1 L/ min), with that role played by the LVAD that provides a constant flow (80% of the total) and aortic pressure, modulated by only a few mm Hg by the AV opening. The focus of this study is on global risk stratification of LVAD configuration and management strategies, regarding their relative thrombogenicity, not on quantitative values that will inherently be patient and device specific. Although compliance may modify flow stresses quantitatively by up to 15%, 31 the qualitative behavior of the hemodynamics in the vasculature studied would effectively remain the same. Additionally, the demographics of advanced HF and typical VAD patients support the use of this simplification. This is a single geometry study. It focuses on trends of AV opening on different outflow graft anastomoses angles, which remains robust for the vast majority of clinical scenarios, and a range of aortic anatomy, as well as most contemporary VAD configurations, with the exception of subclavian outflow graft placement, which is beyond the scope of this study. A range of patient-specific models will be considered in future studies, to investigate this phenomenon.
Conclusion
The very nature of continuous flow VAD support results in vastly altered hemodynamic physiology in the aorta and human circulation overall. Improving the outcome of long-term VAD support requires actively focusing on reducing complications by optimizing surgical configuration and improving patient management strategies.
This study presents a methodology that has the potential to translate personalized surgical planning from the lab to the bedside, enabling LVAD optimization in a patient-specific manner. The combination of technological and surgical factors in understanding thromboembolic events has the potential to open a new field in personalized medicine, with computational tools that are directly and quantifiably linked to improve outcomes.
In this work, we focus on the hemodynamic impact of AV opening in VAD support. Intermittent AV opening is measurably beneficial on holistic parameters associated with overall device thrombogenicity. We demonstrate that an LVAD management strategy permitting intermittent AV opening, even partially and at low frequency, results in major, globally quantifiable hemodynamic benefits and overall improved biocompatibility by promoting platelet washout, reducing stasis, and decreasing thrombogenicity.
Current clinical guidelines do not incorporate specific recommendations for device management strategies targeting intermittent AV opening, despite its potential impact on the pathological sequelae of continuous flow VAD support. This study presents a comprehensive, device-neutral analysis of platelet RT/shear stress histories (platelet level), and wall shear stress (endothelial level) metrics quantifying the impact of intermittent AV opening on thrombogenic risk for various configurations.
Intermittent AV opening, even partially and at a low frequency has significant benefits. Specifically, AV opening reduces the probability that a platelet traveling toward the cerebral circulation would be subject to activation by high accumulated shear stress history by 90% and that it would linger in the aortic root region, promoting aggregation, by 250%. This quantifies the answer to the hypothesis that AV opening can significantly reduce exposure of platelets to thrombogenic flow patterns, mechanical stresses and stagnation, thereby reducing overall thrombogenicity of LVAD surgical configurations.
These benefits are in addition to the previously established benefits of AV opening such as a reduction in the development of de novo AV pathology and AR. Although further prospective clinical investigations are necessary to fully characterize the benefits of intermittent AV flow, this study should catalyze a paradigm shift in VAD care, by supporting management strategies that enable intermittent AV opening.
Whenever possible, clinicians should aim for VAD management strategies that allow for at least partial, intermittent AV opening to improve device-patient biocompatibility and reduce the risk of some of the major complications of longterm continuous flow support.
